Strain subtyping is an important tool for detection of outbreaks caused by Salmonella enterica serotype Enteritidis. Current subtyping methods, however, yield less than optimal subtype discrimination. In this study, we describe the development and evaluation of a multiple-locus variable-number tandem repeat analysis (MLVA) method for subtyping Salmonella serotype Enteritidis. The discrimination ability and epidemiological concordance of MLVA were compared with those of pulsed-field gel electrophoresis (PFGE) and phage typing. MLVA provided greater discrimination among non-epidemiologically linked isolates than did PFGE or phage typing. Epidemiologic concordance was evaluated by typing 40 isolates from four food-borne disease outbreaks. MLVA, PFGE, and, to a lesser extent, phage typing exhibited consistent subtypes within an outbreak. MLVA was better able to differentiate isolates between the individual outbreaks than either PFGE or phage typing. The reproducibility of MLVA was evaluated by subtyping sequential isolates from an infected individual and by testing isolates following multiple passages and freeze-thaw cycles. PFGE and MLVA patterns were reproducible for isolates that were frozen and passaged multiple times. However, 2 of 12 sequential isolates obtained from an individual over the course of 36 days had an MLVA type that differed at one locus and one isolate had a different phage type. Overall, MLVA typing of Salmonella serotype Enteritidis had enhanced resolution, good reproducibility, and good epidemiological concordance. These results indicate that MLVA may be a useful tool for detection and investigation of outbreaks caused by Salmonella serotype Enteritidis.
Salmonella bacteria are a major source of human illness, causing an estimated 1.4 million annual cases of illness in the United States (29) . Salmonella enterica serotype Enteritidis is the second most common serotype of Salmonella in the United States and among human clinical isolates in Europe (34) . During 1985 to 1999, Salmonella serotype Enteritidis caused 29,762 illnesses, 2,904 hospitalizations, and 79 deaths in the United States (34) .
Strain subtyping by molecular methods is a powerful tool for surveillance and outbreak investigation (3) . Subtyping for surveillance and investigation of food-borne disease outbreaks attributable to Salmonella serotype Enteritidis, however, has been hampered by the fact that Salmonella serotype Enteritidis is one of the most genetically homogenous serotypes of Salmonella and is poorly differentiated by the most commonly used subtyping methods. Phage typing (PT) is a classical method traditionally used for subtype determination of Salmonella serotype Enteritidis but has limited discriminatory power and requires specialized phage collections that are available to only a few reference laboratories (20, 38, 39, 49) . Plasmid profiling, single-enzyme ribotyping, and random amplified polymorphic DNA (RAPD) analysis also have limited discriminatory power for Salmonella serotype Enteritidis and, in addition, suffer from poor reproducibility (14, 20, 21, 27, 38, 39, 49) . Two-enzyme ribotyping (PstI-SphI) may provide higher discriminatory power than other methods (6) ; however, manual ribotyping is labor-intensive while automated ribotyping is prohibitively expensive. Amplified fragment length polymorphism appears to be one of the more discriminatory methods for subtyping Salmonella serotype Enteritidis, but amplified fragment length polymorphism used with epidemiologically linked outbreak isolates of Salmonella serotype Enteritidis has revealed a lack of subtype stability (8, 42) . In addition to limited resolution, each of these methods can be difficult to standardize and interlaboratory comparison is difficult. Pulsedfield gel electrophoresis (PFGE) is currently the gold standard for subtyping of Salmonella serotype Enteritidis, but PFGE also exhibits limited discriminatory power. Two PFGE patterns make up nearly 48% of the Salmonella serotype Enteritidis isolates in the PulseNet national database (Centers for Disease Control and Prevention [CDC] , personal communication). Despite these drawbacks, PFGE has been used successfully to identify food-borne disease outbreaks (5) . Because of the prevalence of Salmonella serotype Enteritidis as a pathogen and the importance of molecular subtyping in food-borne disease surveillance, there remains a need for a more suitable subtyping method that may be used with PulseNet to enable more timely detection of clusters and outbreaks.
Multiple-locus variable-number tandem repeat analysis (MLVA) is a subtyping technique that involves amplification and fragment size analysis of polymorphic regions of DNA containing variable numbers of tandemly repeated sequences. MLVA has been used to subtype a variety of species of bacteria, some of which have been difficult to subtype by other methods. Bacteria that have been typed by MLVA include Salmonella serotypes Typhimurium (22, 24, 35) and Typhi (26) , Yersinia pestis (19) , Francisella tularensis (9, 17) , Mycobacterium tuberculosis (1) , Haemophilus influenzae (41) , Bacillus anthracis (18) , Bordetella pertussis (40) , Escherichia coli O157:H7 (23, 31) , Enterococcus faecalis (47) , Neisseria meningitidis (51) , and Pseudomonas aeruginosa (33) . MLVA has proven to be a rapid method and may be easy to standardize between laboratories. This study describes the development of an MLVA typing scheme and comparison of MLVA, PT, and PFGE for subtyping of Salmonella serotype Enteritidis.
MATERIALS AND METHODS
Bacterial strains. One hundred fifty-three Salmonella serotype Enteritidis isolates recovered from Minnesota residents during the years 1998 to 2003 were selected for use in development of an MLVA typing scheme and for comparing the discriminatory power and epidemiologic concordance of PT, PFGE, and MLVA. Included in the 153 isolates were 40 isolates from four separate foodborne disease outbreaks and 113 isolates without any known epidemiological links (sporadic isolates). Outbreak isolates were from well-characterized outbreaks that contained more than eight cases and for which a common source was found. Cases were interviewed regarding their demographic information, recent travel, and food consumption prior to becoming ill. Nine of the sporadic cases could not be interviewed. An additional 12 Salmonella serotype Enteritidis isolates cultured sequentially from a single individual were used to evaluate the stability of the loci chosen for inclusion in the MLVA typing scheme.
Identification of variable-number tandem repeats (VNTRs). Tandem repeat finder (TRF) software (2) was used to identify tandem repeats in the partial genomic sequence of Salmonella serotype Enteritidis phage type 8 (strain LK5; University of Illinois-Urbana-Champagne, www.salmonella.org) and the completed genomic sequence of Salmonella serotype Enteritidis phage type 4 (strain PT4; Sanger Institute, www.sanger.ac.uk/Projects/Salmonella). Because of the relative lack of genomic sequence data available for Salmonella serotype Enteritidis, the genomic sequences of S. enterica serovar Typhi strains Ty2 and CT18 and Salmonella serotype Typhimurium strain LT2 were also screened using TRF in hopes of finding additional candidate repeat loci that may also be present in Salmonella serotype Enteritidis. To screen for variability in the number of tandem repeats, PCR primers targeting the regions flanking tandem repeat loci identified by TRF were designed. These primers were used to amplify DNA from a set of 12 genetically diverse Salmonella serotype Enteritidis isolates as determined by PFGE and/or PT.
Polymorphism detection by RAPD. Because of the paucity of sequence data available, RAPD was used to screen Salmonella serotype Enteritidis for regions of polymorphic DNA that may contain tandem repeats. DNA was extracted from Salmonella serotype Enteritidis strains with the common PFGE type SE1B1 using a QIAGEN DNA Mini Kit (QIAGEN, Valencia, CA). PCR for RAPD analysis was performed as described previously (21) except that the 72°C terminal extension was lengthened to 10 min. PCR products were separated on a 2% agarose gel. Polymorphic fragments were excised from the gel, purified using a QIAquick spin column (QIAGEN), and cloned using a Topo TA cloning kit (Invitrogen, Carlsbad, CA). Cloned fragments were amplified from the cloning vector by PCR using M13 forward (Ϫ20) and M13 reverse primers and sequenced on a Beckman-Coulter CEQ 8000 automated DNA sequencer using a Dye Terminator Cycle Sequencing Quick Start kit (Beckman-Coulter, Fullerton, CA).
MLVA typing. DNA was extracted from Salmonella serotype Enteritidis isolates grown overnight on MacConkey agar plates by suspending a small loopful of cells in 200 l DNAzol (Molecular Research Center, Inc., Cincinnati, OH) and boiling the suspension for 5 min. Following boiling, the sample was centrifuged and the supernatant applied to a QIAquick PCR purification kit (QIAGEN), washed, and eluted into 50 l elution buffer following the manufacturer's directions.
The 10 loci ultimately selected for MLVA were amplified individually by PCR. Reaction mixtures contained 1ϫ QIAGEN PCR buffer (containing 1.5 mM MgCl 2 ), 0.2 mM deoxynucleoside triphosphates, 1 M forward primer labeled with a WellRED-labeled dye (Proligo, Boulder, CO), 1 M nonlabeled reverse primer, 0.6 U HotStarTaq DNA polymerase (QIAGEN), 2.5 l template DNA diluted 1:100, and sterile water to a volume of 25 l. The PCR conditions were 95°C for 15 min, cycling at 94°C for 1 min, the specific annealing temperature for each locus (Table 1 ) for 1 min, and 72°C for 1 min for 35 cycles, with a final incubation of 72°C for 10 min. The fragment size for each locus, with the exception of SE-7, was determined by combining 1.0 to 2.0 l PCR product, 37.5 l formamide, and 0.5 l 600-bp DNA size standard (Beckman-Coulter) followed by fragment size analysis using a Beckman-Coulter CEQ 8000 automated DNA sequencer. The following conditions were used for separation of fragments for all loci except SE-7: capillary temperature of 35°C and denaturation temperature of 90°C, duration of 120 seconds; injection voltage of 2.0 kV, duration of 30 seconds; separation voltage of 7.5 kV, duration of 50 min. The fragment size for SE-7 was determined using the same conditions as for the other loci with the following exceptions: a 25-to 1,000-bp DNA size standard (BioVentures, Murfreesboro, TN), a capillary temperature of 50°C, a separation voltage of 5.0 kV, and a separation duration of 80 min.
Following fragment analysis, each locus was assigned a variant score based on the fragment size. Each isolate was assigned an MLVA type based on compilation of the variant score of the 10 loci. Variant scores were entered into BioNumerics software (Applied-Maths, St.-Martens-Latem, Belgium) as categorical data. Cluster analysis of the categorical data was done by generation of either dendrograms or minimum spanning trees. Minimum spanning trees are frequently used to cluster subtyping data composed of categorical variables, such as multilocus sequence typing and MLVA, and are useful for visualizing the relationship between large numbers of isolates in a single, compact image. The distance between any pair of organisms is defined as the number of different characters, so the distance between isolates differing at one locus is 1 and at two loci is 2, etc. The minimum spanning tree is constructed so that the total summed distance along the branches is minimized. A detailed description of analysis of MLVA data using minimum spanning trees may be found in the study by Schouls et al. (40) . The parameters used for generating the minimum spanning trees in BioNumerics are provided in the legend to Fig. 1 .
PFGE and phage typing. Salmonella serotype Enteritidis isolates were subtyped by PFGE using restriction endonucleases XbaI (Promega) and BlnI (Roche) according to published methods (37) . PFGE patterns were compared on dendrograms generated in BioNumerics using the Dice coefficient and a 1% band matching criterion. Patterns with no noticeable differences were considered indistinguishable and were assigned the same PFGE pattern designation. The XbaI and BlnI pattern designations were combined to form a cumulative PFGE pattern designation. For example, an isolate with the XbaI pattern SE1 and the BlnI pattern B1 is designated as PFGE type SE1B1. Phage typing was performed according to standardized methods at the Centers for Disease Control and Prevention (13, 50) .
Statistical analysis. Diversity of VNTR variants for each locus was assessed using Nei's measure of allelic diversity (30) . Diversity of MLVA, PFGE, and PT was assessed using Simpson's index of diversity (D) (15) and the Shannon- 
a Primer sequence derived from Salmonella serotype Enteritidis LK5 (phage type 8) partial genome sequence (http://www.sanger.ac.uk/Projects/Salmonella /SEN_genepred.embl).
b Primer sequence derived from Salmonella serotype Typhimurium LT2 genome sequence (reference sequence number NC 003197).
c Primer sequence derived from Salmonella serotype Enteritidis PT4 genome sequence (http://www.salmonella.org/genomics/sen.dbs).
Weiner (Shannon) diversity (HЈ) and equitability (E) indices (43, 52) calculated using the Biodiversity Calculator developed by J. Danoff-Burg and C. Xu (http: //www.columbia.edu/itc/cerc/danoff-burg/MBD_Links.html). For the Simpson indices, variances and confidence intervals (CIs) were calculated as described previously (12) . Statistical comparisons of the Shannon and Simpson indices were performed by t test (28) . Odds ratios (ORs) for the evaluation of risk factors with Salmonella serotype Enteritidis clusters were calculated using Epi Info version 6.04d (Centers for Disease Control and Prevention and World Health Organization, Geneva, Switzerland).
RESULTS
VNTR identification and analysis. One hundred fifty-seven tandem repeat loci were evaluated using a panel of 12 isolates of Salmonella serotype Enteritidis previously shown by PFGE and PT to be genetically diverse. Ten tandem repeat loci exhibited adequate diversity in the screening panel and were selected for evaluation as part of an MLVA typing system (Table 2) . Repeat-containing loci were identified in both coding and intergenic regions of the chromosome. The tandem repeat units in loci selected for use in the MLVA subtyping scheme varied in size from 6 to 117 bp, and the number of variants ranged from 2 to 11, depending on the locus. Nei's diversity index (DI) was calculated for individual loci based on the 57 different MLVA scores obtained from testing of sporadic and outbreak isolates of Salmonella serotype Enteritidis FIG. 1. Minimum spanning tree of MLVA of sporadic Salmonella serotype Enteritidis isolates. A categorical coefficient and the priority rule using the highest number of single-locus changes were used for generation of the minimum spanning tree. Each circle in the tree represents a different MLVA type, with the MLVA type number indicated by the number in the circle. Heavy short lines connecting two MLVA types denote types differing by a single MLVA locus while thin longer lines connect double-locus variants, and dotted lines indicate the most likely connection between two types differing by more than two MLVA loci. The number of loci that differ between two MLVA types is indicated on the lines connecting the MLVA types. The colors of the circles indicate the numbers of isolates with a particular MLVA type as indicated on the figure. Clusters were defined as MLVA types having a maximum distance of changes at two loci and a minimum cluster size of two types. Cluster A is shaded in green, cluster B in blue, and cluster C in pink. Repeat number was determined from the genomic sequence using TRF, which identified partial repeats in flanking sequences. Inspection of loci SE-2 and SE-9 in the sequences of PT4 and LK5 revealed that they vary by one whole repeat unit. NF indicates that the sequence was not found in the incomplete sequence of LK5. and ranged from 0.05 to 0.77 (Table 2 ). All loci demonstrating the ability to discriminate between sporadic isolates, particularly of common PFGE subtype SE1B1, were included in further analyses regardless of diversity index. Nine of these 10 loci were identified by TRF analysis of the Salmonella serotype Enteritidis genomic sequences. Locus SE-8 was identified as a polymorphic band by RAPD analysis and was subsequently found to contain an 87-bp tandem repeat. This locus was found to be variable among Salmonella serotype Enteritidis isolates; however, the 87-bp repeat sequence was present in only a single copy in many Salmonella serotype Enteritidis isolates, including the sequenced strains LK5 and PT4. This explains why this locus was not identified by TRF analysis using those sequences. The loci designated SE-5 and SE-6 are the same as those analyzed in previous Salmonella MLVA publications (22, 24, 35) . Stability. To analyze the in vivo stability of VNTR loci, we analyzed isolates from 12 stool samples from a single person submitted to the Minnesota Department of Health over a 36-day period. MLVA, PFGE, and PT were performed on single colonies from frozen isolate stocks for each sample. Nine of the loci were stable for all isolates, and two of the samples yielded differences at a single locus, SE-2. The fragment sizes for SE-2 loci of the different MLVA types were consistent with the loss of two repeats for isolate 8 and addition of one repeat for isolate 12, compared to the predominant MLVA type. Isolate 1 was phage type 34a while the other 11 isolates were phage type 13a; however, the PFGE patterns were consistent for all 12 isolates.
In order to analyze the in vitro stability of the VNTR loci, we performed multiple subcultures and multiple freeze-thaw cycles on single-colony isolates of two genetically diverse strains of Salmonella serotype Enteritidis (MLVA types MSE30 and MSE9). Five individual colonies of each strain were picked to determine homogeneity of the initial plate. The isolates were passaged every day for 10 days, and 10 single colonies were picked from the final subculture plate and subjected to MLVA typing. To analyze the effect of frozen storage on VNTR stability, a sweep of Salmonella serotype Enteritidis from the original plate was frozen in glycerol at Ϫ80°C overnight. The following day, the isolate was grown on a tryptic soy broth agar plate overnight at 37°C. The isolate was frozen and cultured four more times. Following the fifth freeze-thaw cycle, 10 colonies were picked for MLVA. All picks from the original plate, the multiple subcultures, and the freeze-thawed samples exhibited the same MLVA type as the original isolate (data not shown).
Diversity of MLVA, PFGE, and phage types among sporadic isolates. One hundred thirteen sporadic isolates were analyzed by MLVA, PFGE, and PT. There were 57 MLVA types, 33 PFGE types, and 15 phage types among the sporadic isolates (Table 3) . Seven of the 113 isolates yielded an indeterminate phage type (reactive but did not conform). Although there were twice as many subtypes identified by PFGE as by PT, the Simpson diversity indices calculated for PFGE and for PT were similar, the confidence intervals overlapped, and the differences were not statistically significant (P ϭ 0.7). The distributions of PFGE and phage types were not even. Fifty-six percent of the sporadic isolates were assigned to only two PFGE types, SE1B1 (n ϭ 34) and SE11B6 (n ϭ 29), and 64% of the sporadic isolates fell into three phage types, PT4 (n ϭ 29), phage type 13a (n ϭ 26), and phage type 8 (n ϭ 17) ( Table 3) . Because Simpson's diversity index did not reveal a difference in discriminatory power between PFGE and PT despite the fact that PFGE subtyping yielded twice as many subtypes as did PT, we also calculated Shannon's diversity index for each method. Shannon's index calculates separate values for the diversity index (HЈ), which is an indicator of species richness (i.e., number of subtypes), and an equitability index (E), which is a measure of the evenness of subtype distribution. Shannon's HЈ was slightly higher for PFGE than for PT (P ϭ 0.071) and better reflected the larger number of subtypes produced by PFGE. However, the value E was found to be higher for PT than for PFGE, presumably due to the slightly more even distribution of phage types. Both the Simpson and Shannon diversity indices for MLVA were significantly higher (P Ͻ 0.001) than those for PFGE and PT, revealing that MLVA provided both a greater number of different subtypes and a more even distribution. Isolates with the common PFGE types SE11B6 and SE1B1 were divided into 12 and 19 MLVA types, respectively. Isolates with the common phage types 4, 13a, and 8 were divided into 14, 17, and 11 MLVA types, respectively. The distribution of MLVA types was more equitable than that of either PFGE or phage types as reflected by Shannon's E value, with only 20% of the isolates belonging to the two most common MLVA types (MSE9 and MSE11). However, these common MLVA types could be further discriminated by both PFGE and phage typing. MLVA type MSE11 contained four PFGE types and five phage types while MLVA type MSE9 contained five PFGE types and four phage types. These data indicate that, regardless of the primary subtyping method used, a secondary method may be needed to resolve common Salmonella serotype Enteritidis subtypes.
Cluster analysis. BioNumerics was used to generate a minimum spanning tree of MLVA types of sporadic isolates of Salmonella serotype Enteritidis (Fig. 1) . Minimum spanning trees illustrate the relationship of subtypes based on the number of VNTR loci that differ between two MLVA profiles. Because low-diversity loci may provide phylogenetic information (44) , all low-diversity loci, with the exception of SE-4, which has no discernible effect on clustering, were used for a Shannon-Weiner diversity index where HЈ represents the subtype diversity, i.e., the number of different subtypes, and E is a measure of evenness, i.e., how evenly the subtypes are distributed in the population sampled.
b Seven isolates were reactive but did not conform to a known pattern, and these isolates were considered to be untypeable.
c P values calculated for PFGE and PT compared to MLVA were Ͻ0.01 for both diversity indices. P values for PFGE compared to PT were Ͼ0.5 for Simpson's DI and Ͻ0.05 for Shannon's DI.
VOL. 45, 2007 MLVA FOR TYPING OF SALMONELLA SEROTYPE ENTERITIDIS 539 creation of the minimum spanning tree. Evaluation of the contribution of the individual MLVA loci to clustering of isolates in the minimum spanning tree indicated that elimination of low-diversity loci (in particular SE-6 and SE-10) had a negligible effect on the discriminatory power of MLVA but reduced the complexity of the branching of the minimum spanning tree (data not shown).
The minimum spanning tree analysis revealed three clusters of MLVA types that differ by two or more loci from all other MLVA types. Statistical analysis of the epidemiology data on individuals whose isolates comprised MLVA group A (shaded green in Fig. 1 ) revealed that these individuals were significantly more likely to have traveled outside of the United States in the 7 days before the onset of illness than were individuals whose isolates did not belong to group A. Thirty-four of 42 cases in group A traveled outside the United States shortly before becoming ill compared to 3 of 62 non-group A cases (OR, 84; 95% CI, 19 to 483; P Ͻ 0.001). Of the 34 cases in group A who traveled outside of the United States shortly before becoming ill, 19 traveled to South America, 8 traveled to Asia, 6 traveled to Europe, and 1 traveled to Africa. Minimum spanning trees cannot be performed on PFGE patterns; however, clusters from PFGE dendrograms derived from XbaI (OR, 23; 95% CI, 7 to 76; P Ͻ 0.001), BlnI (OR, 38; 95% CI, 11 to 142; P Ͻ 0.001), and an XbaI-BlnI composite (OR, 47; 95% CI, 13 to 191; P Ͻ 0.001) also reveal a correlation with foreign travel. The majority of the isolates in cluster A were phage type 4 (n ϭ 25). Of the 29 cases whose isolates were phage type 4, 17 reported a history of foreign travel, and three were not interviewed. Four additional isolates with phage type 4 were not included in cluster A, and three of these were in cluster B (blue shaded). Cases with these four phage type 4 isolates did not report a history of foreign travel.
Epidemiologic concordance. Subtype analysis of Salmonella serotype Enteritidis isolates from four food-borne outbreaks showed that all isolates within an outbreak were indistinguishable by each of the methods, with the exception of a single isolate from outbreak 2 that had a different phage type than that of the other 10 isolates from that outbreak ( Table 4) . Evaluation of isolate subtypes between outbreaks revealed that, although a different MLVA type was associated with each outbreak, two of the outbreaks were associated with a single PFGE type, and all four outbreaks were associated with a single phage type. Had outbreaks 3 and 4 occurred simultaneously, MLVA would have been the only method able to accurately discriminate isolates from the two outbreaks. The PFGE patterns for strains linked to outbreaks 1 and 2 were uncommon among the sporadic isolates. However, strains involved in outbreaks 3 and 4 had the most common PFGE pattern, SE1B1, which was present in 30% of the sporadic isolates. Isolates from all four outbreaks were phage type 13a (with the exception of one isolate), which is one of the most common phage types in the United States and was present in 23% of the sporadic isolates tested. In contrast to PFGE and PT, the MLVA patterns for outbreaks 1, 2, and 3 were seen in four (3.5%) of the sporadic isolates. The MLVA type of the strains from outbreak 4, MSE58, was seen in seven sporadic isolates (6.2%). However, six of the sporadic isolates with MLVA type MSE58 were seen within 2 weeks of outbreak 4 and had the same PFGE type and phage type as the outbreak isolates did. These data suggest that there may have been an unidentified link between these sporadic cases with MSE58 and those associated with outbreak 4.
DISCUSSION
Detection of food-borne outbreaks due to Salmonella serotype Enteritidis relies on a suitable method for subtype determination. Although standards for subtyping methods do not exist, the European Study Group for Epidemiological Markers recommended that typing methods meet certain criteria, including discriminatory power, stability, epidemiologic concordance, and convenience criteria, such as rapidity and ease of use (45) . More recently, the Clinical and Laboratory Standards Institute (CLSI) has issued a proposed guideline for characterizing and validating bacterial typing systems (7). Current Salmonella serotype Enteritidis subtyping methods for the most part do not meet the proposed criteria, with the main problem being suboptimal discriminatory power. The method of choice for the national PulseNet surveillance system has been PFGE, although ribotyping may provide higher discriminatory power than does PFGE with a single enzyme (6) . Ribotyping is not widely used for Salmonella serotype Enteritidis subtyping in the United States, however, and suffers from the many of the same data portability issues as PFGE does. In an attempt to address the issues of discriminatory power and data portability, we developed and evaluated an MLVA method for subtyping Salmonella serotype Enteritidis.
Discriminatory power, defined as the ability to distinguish between unrelated strains, is commonly used to evaluate subtyping methods. An objective measure of discriminatory power may be obtained by calculation of a DI. Diversity is a function of species (or subtype) richness, which refers to the number of subtypes in a population, and subtype evenness, which refers to the relative distribution, or abundance, of individuals among the different subtypes. A number of statistical formulas are available to calculate diversity indices, and each places a slightly different emphasis on subtype richness and evenness. Simpson's DI is the mathematical measure most commonly used as an estimate of the discriminatory ability of subtyping methods. One reason for the popularity of the Simpson DI is that it has biological meaning, i.e., it is a measure of the probability that two epidemiologically unrelated isolates will be characterized as being "different" by the typing method being evaluated. Simpson's DI is heavily weighted towards the relative abundance of each subtype in the population studied. Simpson's DI is less sensitive to subtype richness. As calculated by Simpson's formula, a subtyping method that identified three subtypes distributed equally among the population would receive a higher score than a method that identified six subtypes but whose distribution in the population was unequal. In contrast, the Shannon-Weiner, or Shannon, diversity index is more influenced by the number of species. Shannon's formula calculates separate indices for diversity and for evenness. In this study, we calculated diversity indices for all three typing methods using Shannon's and Simpson's formulas. While Simpson's index indicated that MLVA exhibited the highest discriminatory power, PFGE and PT were found to be essentially equivalent in spite of the greater number of subtypes obtained by PFGE subtyping due to Simpson's heavy emphasis on the evenness of subtype distribution. Shannon's index also indicated that MLVA was more discriminatory than either PFGE or PT; however, unlike Simpson's index, Shannon's index indicated that PFGE was more discriminatory than PT, which is more consistent with the greater number of subtypes and better epidemiologic concordance of PFGE than of PT. The value of Shannon's E for phage typing was greater than that of PFGE, however, reflecting the more even distribution of phage types than of PFGE patterns. These results indicate that Shannon's index, although not as easily interpreted as Simpson's index, may provide a better objective measure of the performance characteristics of a subtyping method. Regardless of the diversity index used, MLVA appears to provide improved discriminatory power for subtyping. However, some clonality is still observed among strains typed by MLVA; therefore, a combination of typing methods may be required in instances where greater discriminatory power is needed. BioNumerics software allows for the creation of composite data sets consisting of multiple different data types, which may include character data, gels, and sequence information. Composite data sets may be analyzed in the same manner as single data types, and the use of combined Salmonella serotype Enteritidis subtype methods in a composite data set should result in enhanced discriminatory power.
While measures of discriminatory power are useful in the evaluation of a subtyping method, epidemiologic concordance is equally, if not more, important for evaluation of the utility of the typing method. We define epidemiologic concordance as the ability of a subtyping method to (i) correctly identify epidemiologically linked isolates as being genetically related, (ii) differentiate epidemiologically linked isolates from background sporadic isolates, and (iii) differentiate between outbreaks not due to a common source. Evaluation of Salmonella serotype Enteritidis isolates from four epidemiologically wellcharacterized food-borne outbreaks indicated that both MLVA typing and PFGE correctly clustered isolates within an outbreak, i.e., all isolates within a defined outbreak had the same pattern. MLVA provided better discrimination of isolates between outbreaks than did either PFGE or PT and provided better discrimination between strains with outbreak patterns and sporadic isolates. These results indicate that MLVA, while yielding improved discriminatory power, also provides sufficient epidemiologic concordance to be useful in outbreak investigations.
Clustering can provide useful information on strains that are related. Minimum spanning tree analysis of MLVA subtypes revealed a cluster of isolates that were found to be associated with foreign travel. Clusters of isolates identified from dendrograms of PFGE restriction patterns also revealed a correlation with foreign travel, and while statistically significant, the correlation was not as strong as that seen with the MLVA minimum spanning tree. Of the 44 isolates in the MLVA cluster, 25 of them were phage type 4 and 6 were phage type 1. Five isolates within the cluster could not be assigned a phage type, but the cases associated with these isolates reported a history of recent foreign travel. Clustering of Salmonella serotype Enteritidis isolates associated with foreign travel may be a reflection of the different predominant Salmonella serotype Enteritidis phage types seen throughout the world. Phage type 4 emerged in Europe in the early 1990s and is now the predominant phage type in much of the world, including Europe (32), Singapore (25), Brazil (10), Chile (11) , and Thailand (4). Phage type 4 is relatively uncommon in parts of the United States and Canada; however, it has been found in areas of the West Coast of the United States and has been associated with foreign travel in people returning to the United States and Canada (16, 29a) . Eight of the 42 patients in MLVA group A did not report foreign travel before becoming ill, and four patients had phage type 4 strains that did not cluster with group A, nor did they report a history of foreign travel. These patients may have acquired their infections from secondary transmission or by consuming contaminated imported food, or the infections may have been domestically acquired.
VNTR loci have been found to differ with respect to stability and have been found to exhibit variability during persistent colonization of an individual (36, 48) . CLSI has recommended that the "biological reproducibility" of a bacterial strain typing method be assessed by analysis of epidemiologically linked (i.e., outbreak-related) sets of isolates and isolates from a single episode of infection in an individual (7) . MLVA typing of Salmonella serotype Enteritidis isolates following successive culturing and freeze-thaw cycles showed that VNTR loci remained stable and the MLVA patterns did not change, at least in the two isolates tested in vitro. In addition, we have not observed any variability among VNTR fragment sizes from isolates repeatedly subcultured and used as control strains. MLVA of 12 Salmonella serotype Enteritidis isolates recovered from a single individual over a 36-day period, however, revealed variability at one locus, SE-2. The PFGE pattern of these isolates remained stable, but one isolate had a different phage type. These data suggest that the selective pressures on isolates in vivo may be greater than the pressures that occur in vitro. MLVA patterns of 40 isolates from four outbreaks used to evaluate epidemiologic concordance showed that MLVA patterns from epidemiologically linked outbreak isolates remained stable. Taken together, these data indicate that these VNTR loci exhibit sufficient stability for use in characterizing outbreaks. It remains possible that patterns will exhibit some variability if there is secondary transmission or if individuals are colonized for some period prior to sampling. Additional data will be necessary to adequately characterize the stability of these VNTR loci. Interpretive criteria that account for genetic variability of MLVA patterns analogous to the Tenover criteria used for PFGE may need to be developed (46) .
We chose to evaluate all isolates using all of the VNTR loci identified in our screening in order to make an accurate de-VOL. 45, 2007 MLVA FOR TYPING OF SALMONELLA SEROTYPE ENTERITIDIS 541 termination of the diversity of each locus in our sample set. Ultimately, though, the individual loci included in an MLVA protocol will depend on the application of the typing method and the nature of the strains being examined. For example, high-diversity loci may be helpful for differentiation of isolates from a geographically limited set of isolates, such as the ones that we examined in this study, while low-diversity loci have been shown to act as a molecular clock and may be particularly useful for phylogenetic analysis in isolates that are more geographically dispersed (44) . In addition, certain VNTR loci have been shown to exhibit what has been termed "allele bias," i.e., certain size variants or alleles are dominant, enabling these markers to be used to identify different biovars of F. tularensis (9) . Our experience with subtyping of group B salmonellae using MLVA (unpublished data) indicates that allele bias is helpful in identification of different serovars. Because VNTR data are entered into BioNumerics as categorical data, individual loci may be readily included in or removed from the analysis. This enables the user to tailor the method as needed to obtain the desired level of discriminatory power. This flexibility would allow laboratories to use a standard set of loci to facilitate interlaboratory comparison of MLVA data, while providing the option to use additional loci to improve resolution or to determine phylogenetic relationships. There were some limitations inherent in this study. Although the PFGE and phage types of Salmonella serotype Enteritidis isolates included in this study are representative of the most common PFGE and phage types in the United States, all of the isolates evaluated were from Minnesota residents. Evaluation of isolates with a more global distribution will be necessary to evaluate the suitability of MLVA as a global method for typing of Salmonella serotype Enteritidis. Another limitation is that the study was retrospective, and the outbreak isolates included in the evaluation were initially identified as temporal clusters of Salmonella serotype Enteritidis with the same PFGE type. This results in an inherent bias in favor of PFGE. While epidemiologic investigation supported a common exposure among case patients with these isolates, misclassification and failure to identify outbreaks among sporadic isolates cannot be ruled out. Nevertheless, in spite of this bias, MLVA was found to provide excellent epidemiologic concordance and superior discrimination between outbreaks compared with PFGE. Finally, while data portability is facilitated by the use of sequence-based subtyping methods, our use of fragment analysis to assess VNTR polymorphisms is subject to some of the same limitations seen for other gel-based systems. Improvements in DNA sequencing technology, for example the ability to obtain longer reads by using pyrosequencing, will enable more rapid and precise determination of VNTR polymorphisms.
Our data indicate that MLVA may be a viable alternative to PFGE for subtyping of Salmonella serotype Enteritidis. Ultimately, however, interlaboratory reproducibility and convenience factors including cost, ease of use, data portability, and turnaround time need to be assessed for MLVA, or any alternative subtyping method, prior to implementation by PulseNet.
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